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ABSTRACT 
 Metallic interconnects in intermediate temperature solid oxide fuel cells (IT-
SOFC) stacks form Cr2O3 scales on their surface. Such oxide scales can be further 
oxidized to Cr6+ containing gaseous species that migrate and deposit at the cathode triple 
phase boundaries, causing significant degradation in the performance of the SOFCs. This 
phenomenon is termed as ‘Cr-poisoning’. 
 A solution to this problem is the application of coatings on the interconnects that 
act as a diffusion barrier to Cr migration. Two different Cu/Mn spinel compositions, 
Cu1.3Mn1.7O4 and CuMn1.8O4, were studied as coating materials. Dense coatings were 
deposited on both flat plates and meshes by electrophoretic deposition (EPD) followed by 
subsequent thermo-mechanical or thermal densification steps.  
 At room temperature, Cu1.3Mn1.7O4 coatings were found to have a mixture of CuO 
and spinel phases, while CuMn1.8O4 coatings were found to have a mixture of Mn3O4 and 
spinel phases. However, CuMn1.8O4 is a pure spinel phase between 750 °C and 850 °C. 
After densification processing and high temperature oxidation, a Cr2O3 layer was formed 
  viii 
at the coating/alloy interface, which partially reacted with the spinel coatings to form a 
dense cubic spinel layer of the general composition (Cu,Mn,Cr)3-xO4. In addition, Cr-rich 
precipitates, formed in the dense layer close to coating/alloy interface. It is believed that 
these are Cr2O3 precipitates, formed when the solubility of Cr in the spinel phase is 
reached. Solubility experiments using powders showed that 1 mole of CuMn1.8O4 can 
effectively getter 1.83 moles of Cr2O3 at 800°C. Electrical conductivity of (Cu,Mn,Cr)3-
xO4 was found to be at least two orders of magnitude higher than that of Cr2O3. 
 The coatings acted as an effective Cr getter whose lifetime depends on the 
oxidation temperature, coating thickness, and the overall porosity in the coating. In-cell 
electrochemical testing showed that the CuMn1.8O4 coatings on Crofer 22 APU meshes 
performed significantly better than commercial Cu/Mn spinel coatings. The CuMn1.8O4 
coatings gettered Cr effectively for 12 days at 800 ºC, leading to no performance loss of 
the cell due to Cr-poisoning. Significantly longer lifetime can be achieved at 750 ºC or 
lower, which is the target operational temperature regime of IT-SOFCs. 
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1. Introduction 
1.1 Introduction to Fuel Cells 
1.1.1 Working principle of a fuel cell  
 Fuel cells are devices that convert chemical energy stored in fuels directly into 
electricity through electrochemical reactions. The basic building block of a fuel cell 
system is a unit cell, consisting of a porous anode and a porous cathode separated by a 
dense electrolyte. During operation, fuels (typically hydrogen or natural gas) are fed to 
the anode where they are oxidized to release electrons. An oxidant (typically ambient air) 
is fed to the cathode where it gets reduced by the electrons produced on anode side after 
they have travelled through the external load, thereby producing electrical work. Ions 
produced from these half reactions are transported across the electrolyte, either from the 
anode to the cathode for proton exchange membrane fuel cells (PEMFC) or vice versa for 
solid oxide fuel cells (SOFC) (Figure 1). 
 
Figure 1. Schematic of the working principle of a unit fuel cell [1]. 
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1.1.2 Fuel cell systems 
 A single unit cell is not able to generate sufficient power for practical applications. 
They must be stacked in series into modules, which involves multiple unit cells being 
electrically connected via conductive interconnects. There are two major stack types: 
planar-bipolar stacking and tubular stacking [1, 2].  
Planar-bipolar stacking 
 Planar-bipolar stacking is the most commonly used fuel cell stacking technology. 
Individual unit cells are stacked together in layers and are electrically connected by 
interconnects. The interconnects in planar-bipolar stacks serve two functions; collecting 
current from the cells and separating the oxidant on the cathode side of one unit cell from 
the fuel on the anode side of next cell. Since interconnects are exposed to both the 
reducing environment on the anode side and oxidizing environment on the cathode side 
(Figure 2), they are required to be chemically stable in both environments. Generally, 
since there are channels that uniformly distribute gas flows over the cells on both sides of 
the interconnects, the shape of interconnects can be complex.  
Tubular stacking 
 Tubular stacking of fuel cells is shown in Figure 3, which shows arrays 
connected in parallel and series. Tubular cells have advantages of relatively easy 
sealing. Disadvantages of the tubular design are low volumetric power density (power 
produced per unit volume) and its long current path that results in significant power 
losses. Tubular stacking is only pursued for solid oxide fuel cells. 
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Figure 2. Schematic of planar-bipolar stack. Reprinted from Journal of Materials Science 
& Technology, 26(4), J. Wu and X. Liu, Recent development of SOFC metallic 
interconnect, 293-305 [3], Copyright (2010), with permission from Elsevier. 
 
 
Figure 3. Schematic of tubular stack [1]. 
 
 A practical fuel cell system requires not only the fuel cell stacks, but also some 
other sub-systems and components (typically referred to as balance of plant). Generally, 
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fuel cell systems contain units for fuel preparation, air supply, thermal management, 
water management, and electrical power conditioning [1]. 
1.1.3 Advantages and disadvantages of fuel cells 
 Because fuel cells convert chemical energy to electrical energy directly without 
multiple energy conversion steps, they are generally much more efficient than 
conventional combustion engines. Fuel cells operate silently because there are no moving 
parts in the system. Fuel cells are easy to scale (ranging from 1 W (cell phone) to 
hundreds of megawatts (power plant) [4]) by varying the number of cells connected in 
series in a stack to obtain the desired voltage, and the number of stacks connected in 
parallel to obtain the desired power. In addition, recharging of fuel cells is quick because 
all they need is refueling. This characteristic is critical when fuel cells are used in 
portable applications such as in automobiles.  
 Solid oxide fuel cells, that operate at high temperatures are quite fuel flexible and 
can use, hydrogen, natural gas, ethanol and methanol as fuels. Hydrogen is the commonly 
used fuel for PEMFCs, which can be made chemically from fossil and renewable fuels or 
by electrolysis. Since there is no direct combustion of the fuels, environmental pollutants 
such as nitrogen oxide, sulphur oxide and particulates are not generated. When hydrogen 
is used as fuel, the only byproduct is water, and when hydrocarbons are used as fuel, the 
byproducts are water and carbon dioxide. In the latter case, since the oxidant is never 
directly mixed with the fuel, the water vapor can be easily condensed, allowing for an 
easily sequestrable stream of carbon dioxide. Such environmental friendliness is a great 
advantage of fuel cells over other fossil fuel powered energy conversion technologies. 
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 Fuel cells also have some disadvantages. High cost is a critical hurdle to the 
commercial implementation of fuel cells. Even though great efforts have been devoted to 
lower the cost, so far the costs are still too high to be economically competitive. For 
PEMFCs, availability and storage of hydrogen as a fuel is an issue. For SOFCs, 
compatibility problems and durability due to high operational temperatures are issues. 
Other disadvantages of fuel cells include relatively low power density (power produced 
per unit volume or per unit mass), and performance degradation due to poisoning of 
electrochemically active reaction sites. All of these limitations need to be overcame for 
commercialization of fuel cells. 
1.1.4 Fuel cell applications 
 Fuel cells have a wide variety of application. These include stationary power 
plants or distributed generation, vehicle power systems, power systems in isolated 
locations such as in space or underwater mobile systems, auxiliary or backup power 
systems, and applications where DC currents can be used directly, such as for data 
centers.  
1.2 Solid Oxide Fuel Cells 
1.2.1 Introduction to SOFCs 
 As the name suggests, the electrolyte in SOFCs is a solid oxide ceramic 
membrane. The most commonly used electrolyte in SOFCs is yttria-stabilized zirconia 
(YSZ) which is an ionic conductor of O2-. Anodes are typically made from nickel-YSZ 
composite cermets, while typically used cathode materials are either strontium doped 
lanthanum manganite (LSM) and YSZ composites, or strontium doped lanthanum cobalt 
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ferrite (LSCF). Both LSM and LSCF are perovskites that are electrically conductive at 
high temperatures, while LSCF also exhibits ionic conductivity at high temperatures.  
 In a SOFC unit cell, air is fed into the porous cathode. For the case of LSM/YSZ 
cathodes, triple-phase boundaries (TPB) between the LSM, YSZ and the pores 
(containing air) are the active sites where the electrochemical reactions take place. At the 
TPBs, the oxygen molecules acquire electrons conducted from the cathode and produce 
oxygen ions that diffuse via the percolating YSZ phase to the electrolyte and onto the 
anode. On the anode side, fuel is fed into the porous microstructure. The fuel molecules 
encounter and react with the oxygen ions migrating from the cathode side, forming water 
(and carbon dioxide, if a hydrocarbon fuel is used) while releasing electrons. The 
byproducts diffuse out of the porous anode and electrons are transported via the external 
circuit to the cathode, providing electrical energy. 
 It is obvious that the density of the TPBs plays an important role in determining 
the electrochemical performance of SOFCs. An alternative is a cathode material such as 
LSCF, which has mixed ionic and electronic conductivity (MIEC), where the 
electrochemical reaction can occur on the entire cathode surface.  
1.2.2 Advantages and disadvantages of SOFCs 
 SOFCs operate at relatively high temperature (600-1000ºC) compared to PEMFCs 
that operate at 40-80ºC. Such high temperature operations give SOFCs several 
advantages. High operation temperatures lead to fast reaction kinetics and higher 
efficiencies, so there is no need for precious metal catalysts (like Pt) needed for PEMFCs. 
In addition, for PEMFCs, fuels have to be converted to hydrogen before they can be used. 
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Therefore, reforming of fuels outside the fuel cells is required. Fuel reformation is an 
endothermic process, and requires heat. In SOFCs, hydrocarbon fuels can either be 
partially reformed (to H2 and CO) in a thermally integrated external reformer using the 
heat generated by the SOFC, or in theory, be internally reformed in the SOFC stacks. 
However, the latter approach often suffers from coking issues, unless the operating 
temperature of the SOFC approaches 1000°C. Due to the high working temperature, CO 
can be directly used as fuel in SOFCs whereas trace amount of CO will poison the anode 
of a PEMFC. Furthermore, the high temperature waste heat can be easily used for 
cogeneration which will further increase the efficiency of the SOFC systems. SOFCs are 
among the most efficient power generation systems. 
 There are also drawbacks associated with the high operating temperatures of 
SOFCs. It imposes an additional requirement for thermal expansion match among 
different components in the fuel cell stacks, making it harder to select suitable materials. 
It also makes sealing between unit cells difficult in the planar-bipolar configurations. 
Finally, corrosion of the metallic interconnects is also a problem.  
1.3 Interconnects in SOFC stacks 
 As mentioned earlier, single SOFC unit cells need to be put into stacks to 
accumulate the voltage and there are two major stack designs for SOFCs: planar and 
tubular. Interconnects provide electrical connections between the anode of one cell to the 
cathode of the adjacent one, and vice versa. Interconnects also function as a physical 
barrier to prevent the direct mixing of the fuel on the anode side and oxidant on the 
cathode side. 
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1.3.1 Criteria for interconnect materials 
 While the shape of SOFC interconnects is determined by the stack design, the 
material selection almost entirely depends on requirements imposed by the operating 
conditions of the SOFCs. A list of criteria for good interconnects is presented below [5].  
1. High electrical conductivity needed to limit the ohmic loss caused by the introduction 
of interconnects. The generally accepted criterion is that the area specific resistance 
(ASR) of interconnects should be below 0.1 Ω * cm2. 
2. Adequate stability in terms of phase, dimensions and microstructure at operating 
temperature (600-1000ºC) in both reducing and oxidizing atmospheres. To maintain 
their pertinent properties, interconnects should be chemically stable and phase 
transformations should be avoided. Any dimensional change may cause bad contact 
with the electrodes, or warping or even cracking the sealing. Microstructure change 
may lead to a decrease of electrical conductivity. 
3. Extremely low permeability for hydrogen and oxygen to prevent the direct contact of 
fuel and oxidant.  
4. Coefficient of thermal expansion (CTE) match with electrodes and electrolyte 
between room temperature and operating temperatures. This is to minimize the 
thermal stress resulted from thermal cycles during start-up and shutdown. The CTE of 
interconnects should be comparable to that of YSZ (10.5X10-6 ºC-1).  
5. No inter-diffusion or reaction between interconnect and its adjoining components, 
especially electrodes.  
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6. Good thermal conductivity to eliminate the thermal gradient both along the 
interconnect plates and across the electrodes. 
7. Excellent oxidation, sulfidation and carburization resistances. 
8. Adequate strength and creep resistance.  
9. Low cost and good machinability. 
1.3.2 A brief review of interconnect materials 
 Interconnect materials can be broadly divided into two categories; ceramics 
(typically perovskites) and (metallic) alloys. These are described in more detail below.  
Doped lanthanum chromite 
 In high temperature SOFCs (~ 1000 ºC), doped lanthanum chromite (LaCrO3) [6, 
7] has been primarily used as interconnect materials and the primary dopants being Mg 
[8], Sr [9-13], Ca [14-17], or Ca/Co [18]. Critical properties like electrical conductivity 
and CTE are highly dependent on the choice of dopant and its concentration. Generally 
this series of materials have electrical conductivities ranging from 1 - 32.5 S cm-1 at 1000 
ºC [5] with good CTE match with YSZ. Most importantly, the materials are stable in the 
reducing atmospheres found on the anode side. On the other hand, there are a few 
drawbacks associated with doped-LaCrO3. First, several properties are very sensitive to 
the oxygen partial pressure. With decreasing oxygen partial pressure, electrical 
conductivity of this material decreases exponentially, while the CTE increases and the 
strength falls off sharply [5]. Second, as ceramic materials, fabrication of doped-LaCrO3 
interconnects with complex shapes is quite challenging [3]. Finally, the most daunting 
problem with doped-LaCrO3 is its poor sinterability in air. Although there are measures 
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that can be taken to achieve full densification, they inevitably increase the manufacturing 
complexity and cost.  
Alloys 
 By reducing the operation temperature of SOFCs to 900 ºC and below, (metallic) 
alloys have become feasible replacements for ceramics for use in interconnects. The 
advantages of alloy interconnects include high electrical and thermal conductivity, easy 
workability, high mechanical strength, and low material cost.  Alloy interconnects also do 
not require sintering for densification.  
 However, alloy interconnects inevitably form oxide scales in the oxidizing 
atmosphere on the cathode side at operation temperatures. This is not favorable because 
the oxide scales have lower electrical and thermal conductivity and spallation risk. 
Therefore high-temperature oxidation resistance is a critical requirement for alloy 
interconnects. Typically, chromia, alumina or silica forming alloys are considered to have 
excellent oxidation resistance. However, alumina and silica have extremely low electrical 
conductivities at high temperature (2X10-9 S cm-1 at 700 ºC and 1.4X10-7 S cm-1 at 600 ºC, 
respectively [5]) which significantly increases the resistance of the interconnects since 
the current has to travel through the oxide scales. Because the electrical conductivity of 
chromia is significantly higher (0.01 S cm-1 800 ºC [5]), interconnect alloys are 
universally chromia formers. Some of these alloys are described in more detail below. 
 Chromium-based alloys: For SOFCs operating between 800-900 ºC, chromium- 
based oxide dispersion strengthened alloys have been developed as interconnects [1], 
with Cr-5Fe-1Y2O3 being the most notable composition [19]. The incorporation of 
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reactive elements like Y in the form of Y2O3 is used to increase the oxidation-resistance 
of the alloys by reducing the kinetics of chromia scale formation. However, since the 
dispersion of the oxides would change if the alloy is melted, these interconnects have to 
be formed by powder metallurgy. This expensive processing technique together with high 
Cr content increases the cost of these interconnects significantly. In addition, even with 
the reactive element addition, the imperfect microstructure leads to the formation of 
unacceptably thick chromia scales (estimated to be ~10 μm after 1 year and 23 μm after 5 
years at 900 °C) [5].  
 Ni-Cr-based alloys: Ni-Cr-based alloys have also been developed as interconnect 
materials for intermediate to high temperature operation. These alloys exhibit excellent 
oxidation resistance, and as low as 15 wt% of Cr is needed to achieve a continuous 
chromia layer. Besides Cr2O3, (Mn,Cr,Ni)3O4 may also form on the surface during 
oxidation [20]. However, the most serious problem associated with Ni-Cr-based alloys is 
that they potentially have higher CTE than that of other fuel cell components. 
 Fe-Cr-based alloys: With even lower operation temperatures (intermediate 
temperatures of 650-800ºC), ferritic steels that contain 20–25 wt% Cr have become 
leading candidates for interconnects. The adoption of ferritic steels has reduced the 
materials cost and has made processing much easier. Other types of the stainless steels 
(austenitic and martensitic) are not suitable candidates because of their high CTE values. 
Several ferritic alloys have been specifically developed for SOFC interconnect 
applications, including Crofer22 APU and Crofer22 H developed by ThyssenKrupp 
(Essen, Germany). Their compositions are listed in Table 1. These alloys form a two-
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layered oxide scale on exposure to oxidation environments, with an inner Cr2O3 layer and 
an outer MnCr2O4 spinel layer.  
Table 1. Compositions of Crofer 22 APU [21] and Crofer 22 H [22] (wt%) 
Alloy Cr Mn Ti La C P S Fe 
Crofer 22 APU 22.0 0.5 0.08 0.06 0.0005 0.016 0.002 balance 
Crofer 22 H 22.93 0.43 0.07 0.08 0.007 - - balance 
 
Issues with alloy interconnects 
 Chromia is the protective oxide of choice for alloy interconnects due to its 
relatively high electrical conductivity (0.01 S cm-1 at 800 ºC). However, the conductivity 
is still substantially low in comparison with that of metallic alloys. Thus, increase in the 
thickness of the oxide scale leads to an increase in the area specific resistance (ASR) of 
the interconnects. In addition, the depletion of Cr in the alloy substrates results in the 
formation of voids in the alloy near the oxide/alloy interface. This reduces the adhesion 
and the actual contact area between oxide scale and substrate, which further contributes 
to the increase in the ASR of the interconnects. Thus, it is critical to control the growth 
rate of the chromia scale to limit rapid increase of the ASR values. 
Another serious issue associated with the application of chromia-forming alloys is 
known as ‘Cr poisoning’.  At operating temperatures, the chromia scale formed in the 
oxidizing atmosphere on the cathode side reacts with oxygen and/or water vapor to 
produce volatile Cr6+ containing phases such as CrO3 and CrO2(OH)2. These volatile 
species migrate into the cathode and are reduced back to Cr3+ containing phases such as 
chromia at the TPB sites, where solid state deposition of such phases occur. These solid-
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state Cr-containing deposits physically block the active sites and significantly deteriorate 
cell performance [23]. 
1.4 Protective coatings on interconnects 
 To mitigate the formation of Cr-containing vapor phase species and prevent Cr-
poisoning, the most commonly used strategy is the application of a coating layer on the 
surface of interconnects. The coating layer is expected function as a barrier to inward 
diffusion of oxygen and outward diffusion of chromium. Thus, the coating provides 
additional oxidation resistance for Cr2O3 growth, while inhibiting direct contact of Cr2O3 
with the oxidant (O2), thereby preventing the formation of Cr-containing vapor phase 
species that lead to Cr-poisoning.  
 Since these coatings are a part of the interconnects, the requirements for the 
coating materials are similar to those for interconnect materials, i.e., chemical and 
physical stability, high electrical conductivity, and CTE match with the interconnect 
material and other fuel cell component materials. Additional requirements for the coating 
material are low diffusivities of chromium and oxygen.  
 Generally, two types of materials that have been widely studied for interconnect 
coatings; perovskites and spinels.  
1.4.1 Rare earth perovskite coatings 
 The most commonly studied perovskites as interconnect coating materials are 
undoped and doped lanthanum chromite (e.g. LaCrO3 and La1-xSrxCrO3 (LSCr)) [24-28] 
for high temperature SOFCs (~1000ºC), and lanthanum strontium manganite (La1-
xSrxMnO3 (LSM)) [29-32] and lanthanum strontium ferrite (La1-xSrxFeO3 (LSF)) [33,34] 
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that have also been used as SOFC cathode materials.  
 Lee et al. [28] deposited thin La0.6Sr0.4CrO3 ( <1μm ) coatings on ferritic stainless 
steel 430 using radio frequency magnetron sputtering (Figure 4b). The coated 
interconnect reduced the oxidation rate and showed only a third of the electrical 
resistance of an uncoated interconnect after 1000 h at 700 ºC in air, implying that that the 
coating layer acted as effective barrier to in-diffusion of oxygen, thereby limiting the 
thickness of the chromia scale. However, it is believed that chromium containing 
perovskites cannot prevent chromium vaporization [33]. 
 
Figure 4. SEM images of (a) Inconel-coated SS430 (b) LSCr-coated SS430. Reprinted 
from Thin Solid Films, 516(18), C. Lee and J. Bae, Oxidation-resistant thin film coating 
on ferritic stainless steel by sputtering for solid oxide fuel cells, 6432-6437 [28], 
Copyright (2008), with permission from Elsevier. 
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 Yang et al. [33] explored the application of LSF, a chromium free perovskite. 
Coatings, 4-5 μm in thickness, were fabricated via radio frequency sputtering (Figure 5b). 
It was found that the coating layer improved oxidation resistance and decreased electrical 
resistance after 300 h of exposure in air at 800ºC. An interfacial Cr2O3 layer still formed, 
but it is much thinner than that on an uncoated sample (Figure 5d). However, energy 
dispersive x-ray spectroscopy (EDS) results showed that chromium had penetrated deeply 
into the coating layer (Figure 6). Based on this, the authors concluded that LSF would not 
be an effective coating to prevent Cr poisoning during long term operation of SOFC 
stacks. 
 
Figure 5. SEM cross-sections of Crofer 22 APU coated with (a) LSCr, (b) LSF, and (c) 
In2O3 + 10% SnO, and (d) uncoated Crofer22 APU. Reprinted from Surface and Coatings 
Technology, 201(7), Z. Yang, G. Xia, G. D. Maupin and J. W. Stevenson, Conductive 
protection layers on oxidation resistant alloys for SOFC interconnect applications, 4476-
4483 [33], Copyright (2006), with permission from Elsevier.  
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Figure 6. SEM and EDS line scan on the cross-section of Crofer22 APU coated with LSF 
after nearly 300 h exposure in air. Reprinted from Surface and Coatings Technology, 
201(7), Z. Yang, G. Xia, G. D. Maupin and J. W. Stevenson, Conductive protection 
layers on oxidation resistant alloys for SOFC interconnect applications, 4476-4483 [33], 
Copyright (2006), with permission from Elsevier. 
 
 In general, even though perovskite materials may provide additional oxidation 
resistance and lead to better electrical conductivity, it is believed that that they are not 
excellent oxygen barriers and do not effectively inhibit the formation of Cr–containing 
vapor phase species [35].  
1.4.2 Spinel coatings 
 Spinels have demonstrated better Cr retention ability and are superior barriers to 
inward oxygen diffusion. Petric and Ling [36] studied the CTE and electrical 
conductivities of a large number of binary spinels, and concluded that the best candidate 
materials for coatings are MnxCo3-xO4 (1 < x <1.5), CuxMn3-x O4 (1 < x <1.5), Co3O4 and 
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CuFe2O4. Table 2 lists the electrical conductivity and CTE values of some (MnCo)3O4 
and (CuMn)3O4 spinels. 
 (MnCo)3O4 spinels are considered to be the most promising candidate and have 
been extensively studied [37-74]. Mn1.5Co1.5O4 has been identified to be the best 
composition because of its high conductivity (66 S cm-1 at 800ºC). At room temperature, 
Mn1.5Co1.5O4 is a mixture of two phases, MnCo2O4 (cubic spinel) and Mn2CoO4 
(tetragonal spinel). Upon heating and cooling, the spinel undergoes a cubic ↔ tetragonal 
phase change at around 400 ºC that has been proven to have negligible effects on the 
CTE of this material.  
Table 2. Table of electrical conductivities (800 ºC) and CTEs (25 ºC – 1000 ºC). 
Material Conductivity (S/cm) CTE (10-6/ ºC) 
MnCo2O4 
[36] 60 9.7 
Mn1.5Co1.5O4 
[33] 66 12.1  
Cu1.3Mn1.7O4 
[36] 225 (750 ºC) 12.2 
CuMn1.8O4 
[75] ~120 NA 
Crofer 22 APU[76] 8696 11.9 
 
Yang et al. [37] found that a screen-printed Mn1.5Co1.5O4 coating layer 
significantly decreased the contact ASR between the cathode and a stainless steel 
interconnect compared to an uncoated interconnect (Figure 7). Further testing for 6 
months under 125 thermal cycles at 800 ºC showed no detectable Cr in the majority of 
the spinel coating (Figure 8), indicating that the coating acted as an effective barrier 
against Cr migration. In addition, no spallation or chipping at the interface was found in 
the coated sample, which was observed in the uncoated sample, and the thickness of Cr-
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rich oxide scale was found to be much thinner. This means that the coating layer limited 
the inward diffusion of oxygen and exhibited excellent thermomechanical stability. 
 
Figure 7. Interfacial ASR between a LSF cathode and a Mn1.5Co1.5O4-coated and an 
uncoated Crofer22 APU coupon and as a function of time at 800°C in air. Republished 
with permission of The Electrochemical Society, from Thermal growth and performance 
of manganese cobaltite spinel protection layers on ferritic stainless steel SOFC 
interconnects. Z. Yang et al., J. Electrochem. Soc., 152, no. 9 (2005) [37]; permission 
conveyed through Copyright Clearance Center, Inc. 
 
 
Figure 8. Microstructural and EDS analyses on Mn1.5O1.5O4 coated interconnect subjected 
to a contact ASR measurement for 6 months under thermal cycling. Republished with 
permission of The Electrochemical Society, from Thermal growth and performance of 
manganese cobaltite spinel protection layers on ferritic stainless steel SOFC 
interconnects. Z. Yang et al., J. Electrochem. Soc., 152, no. 9 (2005) [37]; permission 
conveyed through Copyright Clearance Center, Inc. 
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 The interaction of the coating layer and the Cr2O3 scale formed at the coating 
alloy interface is an important consideration, especially if it leads to a new reaction layer 
that affects the overall properties of the coating. Wang et al. [46] studied the interactions 
between (MnCo)3O4 and Cr2O3 at 1200 ºC and showed that two reaction layers formed: a 
(Mn,Co)Cr2O4 layer formed by the diffusion of Co and Mn from (MnCo)3O4 to Cr2O3 and 
a (Mn,Co,Cr)3O4 layer formed by diffusion of Cr into (MnCo)3O4 (Figure 9).  
 
Figure 9. Reaction layers from reaction between (Mn,Co)3O4 and Cr2O3. Reprinted with 
permission of The American Ceramic Society, from Interactions between SOFC 
interconnect coating materials and chromia. K. Wang et al., J. Am. Ceram. Soc., 94, no. 
12 (2011) [46]; John Wiley and Sons.  
 
 They also found that Ti-doped and Fe-doped MnCo2O4 (MnCo1.66Ti0.34O4 and 
MnCo1.66Fe0.34O4) led to higher electrical conductivities and better CTE match than pure 
MnCo2O4, and that the reaction rate between the spinel and chromia (Cr diffusion) at 900 
ºC decreased significantly with the Ti and Fe doping, compared to pure Mn1.5Co1.5O4 
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(Figure 10). The authors did not, however, provide an explanation for this observed 
behavior.  
 
Figure 10. Chromium contents in undoped, Ti-doped and Fe-doped (Mn,Co)3O4 after 
being in contact with Cr2O3 for 144 h in air at 900 ºC. Reprinted with permission of The 
American Ceramic Society, from Interactions between SOFC interconnect coating 
materials and chromia. K. Wang et al., J. Am. Ceram. Soc., 94, no. 12 (2011) [46]; John 
Wiley and Sons. 
 
 Liu et al. [53] investigated the electrical properties, and CTE of potential reaction 
layer compositions by examining a series of bulk Mn1.5-0.5xCo1.5-0.5x CrxO4 samples with x 
varying from 0-2. They found that with increasing Cr content, the cubic spinel structure 
was stabilized. Figure 11 shows the XRD patterns of Mn1.5-0.5xCo1.5-0.5xCrxO4 (x = 0-2) 
spinels. The figure shows that when x= 1 or higher, the spinel is a single cubic phase. 
They also found that electrical conductivity and CTE decreased with the increase of Cr 
content (Figures 12 and 13). 
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Figure 11. XRD patterns of Mn1.5-0.5xCo1.5-0.5xCrxO4 (x = 0-2) spinel. Reprinted with 
permission of The American Ceramic Society, from Electrical properties, cation 
distributions, and thermal expansion of manganese cobalt chromite spinel oxides. Y. Liu 
et al., J. Am. Ceram. Soc., 96, no. 6 (2013) [53]; John Wiley and Sons. 
 
 
Figure 12. Electrical conductivity of Mn1.5-0.5xCo1.5-0.5xCrxO4 (x = 0-2) spinel as a function 
of T-1. Reprinted with permission of The American Ceramic Society, from Electrical 
properties, cation distributions, and thermal expansion of manganese cobalt chromite 
spinel oxides. Y. Liu et al., J. Am. Ceram. Soc., 96, no. 6 (2013) [53]; John Wiley and 
Sons. 
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Figure 13. CTE values of Mn1.5-0.5xCo1.5-0.5xCrxO4 (x = 0-2) spinel from room temperature 
to 1000ºC in air. Reprinted with permission of The American Ceramic Society, from 
Electrical properties, cation distributions, and thermal expansion of manganese cobalt 
chromite spinel oxides. Y. Liu et al., J. Am. Ceram. Soc., 96, no. 6 (2013) [53]; John 
Wiley and Sons. 
 
 It is generally believed that coating layers should be as dense as possible to 
function as a barrier to the oxygen and chromium diffusion. Even if porosity exists, they 
should not be interconnected to allow a percolating path for the oxidizing atmosphere to 
reach the interconnect surface. Talic et al. [74] fabricated MnCo1.7Fe0.3O4 coatings with 
different porosity levels using electrophoretic deposition (EPD) method followed by 
different heat treatments. They concluded that when assessing the lifespan of the coated 
interconnect solely by Cr depletion, even the porous MnCo1.7Fe0.3O4 coatings have 
sufficient Cr gettering ability to last for 40000 h at 800 ºC. However, the Cr evaporation 
rate for the porous coating was still found to be 3-4 times higher than that of dense 
coatings, although it was 10 times less compared to a bare interconnect sample (Figure 
14). 
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Figure 14. Cr evaporation rate for MnCo1.7Fe0.3O4-coated and uncoated Crofer 22 APU in 
air -3% H2O at 800 ºC. Reprinted from Journal of Power Sources, 253(30), B. Talic et al., 
Effect of coating density on oxidation resistance and Cr vaporization from solid oxide 
fuel cell interconnects, 57-67 [74], Copyright (2017), with permission from Elsevier. 
 
 While (Mn,Co)3O4 has been intensively studied as a coating candidate, another 
promising spinel, (CuMn)3O4, has received only limited attention [75, 77-84]. (CuMn)3O4 
possesses conductivity that is about a factor of 2 larger as that of (MnCo)3O4 (Table 2 and 
Figure 15 [75]). Also, Cu is a much more inexpensive component than Co, leading to 
lower materials costs. Limited short-term studies have shown the potential of Cu-Mn 
spinel coatings in suppressing the mitigation of Cr while keeping the ASR values within 
an acceptable range. Huang et al. [79] reported an ASR of 4.6 mΩ cm2 for an 
electrophoretically deposited CuMn1.8O4 coating with the thickness of about 15 μm 
which is much lower than that of bare interconnect subjected to the same heat treatment 
(Figure 16). This is due to the thinner chromia scale layer of the coated sample and the 
high conductivity of the CuMn1.8O4 coating. 
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Figure 15. Conductivities of Cu1.3Mn1.7O4, Cu1.2Mn1.8O4, and CuMn1.8O4 as a function of 
temperature. Reprinted by permission from The Minerals, Metals & Materials Society: 
Springer Nature, Energy Technology 2015, Evaluating electrophoretically deposited Cu-
Mn-O spinel coatings on stainless steel substrates used in solid oxide fuel cell 
interconnects, M. Galbo et al. [75], Copyright(2015). 
 
 
Figure 16. Plot of log(ASR/T) vs T−1 over a temperature range of 600–800°C of 
CuMn1.8O4-coated and uncoated interconnects. Republished with permission of The 
Electrochemical Society, from Evaluation of electrophoretically deposited CuMn1.8O4 
spinel coatings on Crofer 22 APU for solid oxide fuel cell interconnects, W. Huang et al., 
J. Electrochem. Soc. 155, no. 11 (2008) [79]; permission conveyed through Copyright 
Clearance Center, Inc. 
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1.4.3 Coating deposition methods 
 A variety of deposition methods have been used to apply the coatings, including 
magnetron sputtering [28, 33], pulsed laser deposition (PLD) [85], slurry coating process 
(e.g, screen printing) [37], electroplating [77], and electrophoretic deposition (EPD) [74, 
79]. Although all of these methods have been shown to be viable, they do have their own 
advantages and drawbacks. For example, magnetron sputtering and PLD are expensive 
processes and being line-of-sight, cannot be used on substrates with complex shapes. 
They are also hard to scale. Slurry coating processes, including screen printing, spraying 
and dipping, use simple apparatus and are inexpensive. However, after the slurry is 
applied on the interconnects, further densification the coating layer is needed. 
Electroplating is also a simple process and can be used on complex shapes. During 
electroplating, metallic ions are reduced and deposited on the conductive cathode 
(metallic interconnects). The plated interconnects would then be oxidized and the plated 
metals would react and form spinel. The thickness of the coating layer can be easily 
adjusted by the electroplating time. Both (CuMn)3O4 and (MnCo)3O4 coatings produced 
with this method are highly dense [77]. The drawbacks associated with electroplating is 
the difficulty for the deposition of Mn due to its strongly negative reduction potential and 
inter-diffusion of metal elements between the substrate (Fe) and coating layer during 
oxidation. EPD shares the same advantages with electroplating. But there is no 
electrochemical reaction happening during EPD. In an EPD process, a powder suspension 
of desired coating material is made and these powder particles get charged due to specific 
additions to the solution. On applying an appropriate bias, the powders move to and 
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deposit on the substrates. Since the deposit is in the form of oxides powders instead of the 
metal elements, the problems of Mn deposition and inter-diffusion is avoided. But as with 
slurry coating process, further densification is needed for EPD. Figure 17 shows a 
schematic of EPD apparatus. 
 
Figure 17. Schematic of EPD apparatus 
 
1.5 In-cell Cr getters 
 Recently, a novel method was developed to mitigate Cr-poisoning, which uses a 
Cr getter to capture the Cr-containing gaseous phases produced from the interconnects 
before they reach the cell cathodes [86]. The getter material is placed between the 
interconnect and the cathode, and in the air supply line to the stack to capture Cr-
containing species from the balance of plant. The most investigated getter material for 
this application is SrxNiyOz, which is mixture of multiple phases at room temperature 
with a dominant phase of Sr9Ni7O21 at 850 ºC [86]. This material reacts with Cr-
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containing gaseous phases and forms SrCrO4, which is poorly conductive (1.8X10
-4 S/cm 
at 800 ºC [87]). It was demonstrated that in the presence of this in-cell getter, half-cells 
showed no or little performance degradation caused by Cr-poisoning. However, the getter 
ability of this material and its long-term performance was not reported. In addition, the 
formation of the poorly conductive SrCrO4 may lead to increased ASR values and cause 
ohmic loss. 
1.6 Research motivation 
 As mentioned previously, there have been relatively few studies of (CuMn)3O4 
spinel coatings on interconnects. To further investigate the feasibility of (CuMn)3O4 as 
coating material, studies of phase stability of (CuMn)3O4, interaction of (CuMn)3O4 with 
Cr2O3, properties of their reaction products, long term behavior of the coatings and ways 
to improve their life expectancy, are needed. These are the goals of this research. Two 
different compositions of (CuMn)3O4 spinel coatings (Cu1.3Mn1.7O4 and CuMn1.8O4) were 
investigated in this study. 
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2. Experimental 
2.1 Coating deposition 
2.1.1 Spinel powder preparation 
 The spinel powders can be made either by a solid-state reaction or by the glycine 
nitrate process (GNP). The solid-state reaction route usually involves long milling times 
or mixing and heating at high temperature [77]. The GNP route generally takes shorter 
times and yields finer powders. Fine powders are essential for making a well-dispersed 
suspension for use in the EPD process.  
 In this study, GNP was used to prepare spinel powders, with slight modifications 
to the recipe used by Hosseini and co-workers [88]. Mn(NO3)2·4H2O (Alfa Aesar,98%), 
Cu(NO3)2·2.5H2O (Alfa Aesar, 98%) and CH2NH2COOH, (Alfa Aesar, 99.5%) were 
used in the as-purchased state. Different molar ratios of glycine/nitrate 
(CH2NH2COOH/( Mn(NO3)2 + Cu(NO3)2)) was investigated and a value of 0.63 was 
chosen for the coatings in this study. Proportional reactants were dissolved in deionized 
water (6 ml water for 3g (CuMn)3O4 product) and stirred for 10 minutes, resulting in a 
blue solution. The solution was then transferred to a 1000 ml glass beaker and heated on 
a hot-plate at ~100 ºC for 25-30 min (for 6 ml of solution) to remove excess water to 
form a viscous blue solution. The beaker was then covered with a fine stainless steel 
mesh to prevent ejection of fine powders formed during combustion. The temperature of 
the hot plate was then set to 350 ºC. Spontaneous combustion and powder formation 
typically occurred before the set temperature was reached. The resulting brown powders 
were calcined in air for 2 h at 500 ºC for Cu1.3Mn1.7O4 and 800 ºC for CuMn1.8O4 to 
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remove possible unreacted components.  
 In order to decrease the particle size of spinel powders, ball milling was carried 
out by dispersing 1.8 g of powder in 15 ml of ethanol and using 0.3 mm yttria-stabilized 
zirconia (YSZ) balls in a SPEX SamplePrep 8000 M Mixer/Mill. Milling was carried out 
at a charge ratio (ball/powder mass ratio) of 2:1 for 4 h in a 25 ml plastic bottle. After ball 
milling, an additional 30 ml of ethanol was added to the bottle, and the YSZ balls were 
removed by sieving. The spinel powder suspension in ethanol (45 ml) collected after 
sieving was used directly for the subsequent EPD process.  
2.1.2 Electrophoretic deposition 
 The interconnect materials used in this study were Crofer 22 APU plates 
(Fuelcellmaterials, Lewis Center, OH) cut into 4mm×4mm×0.1mm samples for 
thermogravimetric analysis (TGA), and into 20mm×20mm×0.1mm samples for other 
experiments, and Crofer 22 H mesh (Fiaxell SOFC Technologies, Switzerland), cut into 
discs with an area of 2 cm2. Compositions for these two alloys are shown in Table 1 in 
the previous chapter. During EPD, the metallic interconnects were used as the cathode 
with the anode being a 60mm×50mm Cu plate. The electrodes were immersed into a 
suspension of spinel powders. When a negative bias is applied to the interconnect, the 
positively charged spinel particles migrate to interconnect due to electrostatic forces and 
gets deposited on the sample surface.  
 To make the suspension for the EPD, 150 ml acetone was added into the spinel 
suspension in ethanol after ball-milling (195 ml in total and stored in a 250 ml plastic 
bottle which could be tightly sealed to prevent evaporation of the organic solution). Then 
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to further decrease the particle size, this suspension was ultrasonically vibrated for 1 h. 
Then, 0.86 ml of 1 mol/L I2 solution in 5 ml ethanol was added to the suspension leading 
to a total volume of ~ 200 ml, consisting of ~50 ml ethanol (25 vol%) and 150 ml acetone 
(75 vol%). The I2 reacts with acetone and release H
+ ions that adhere to the spinel 
particles making them positively charged. The suspension was then ultrasonically 
vibrated for 20 min to ensure thorough mixing and reaction. In this step, it is critical to 
keep the temperature of the solution low (< 25 ℃) because I2 evaporates very easily. 
Evaporation of I2 can result in insufficient number of charge carriers and thus a reduction 
in deposition rate or even failure of the deposition. The effect of ratio of the weight of 
spinel powders to the weight of iodine can be found in a previous study [75].  
 The solution was then transferred to a 250 ml glass beaker and settled down for 
30 min before a constant voltage of 20 V was applied for 10 min on the immersed 
electrodes. The purpose of 30 min settlement was to allow the larger particles to sink to 
the bottom of the beaker, and only fine particles are left in the suspension. Finer 
deposited particles lead to denser coatings, due to the larger surface area that aids 
sintering. Each batch of the solution was used for two depositions.  
 The experimental parameters used for the EPD process are listed in Table 3. 
Coated samples after the EPD process will hereon be referred to as ‘as-deposited’ 
samples.  
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Table 3. EPD parameters used in this study 
Ethanol (vol%) 25 
Acetone (vol%) 75 
I2 (mg/ml) 1.09 
Spinel (mg/ml) 9 
Applied Voltage (V) 20 
Electrode spacing (cm) 1.5 
Mixing time (min) 20 
Settlement time (min) 30 
EPD time (min) 10 
 
2.1.3 Densification process 
 As discussed in the previous chapter, the as-deposited samples need further 
densification to function effectively as a diffusion barrier. Densification of ceramics is 
usually achieved by sintering in air at high temperatures. This is not a feasible in this case 
since the ferritic stainless steel would be badly oxidized and a thick layer of Cr2O3 may 
form on the substrate surface. The widely adopted densification strategy is two-step heat 
treatment, a reduction anneal followed by an oxidation anneal. Two different 
densification processes were explored in this study; a thermo-mechanical treatment, and a 
thermal treatment. The thermo-mechanical densification included: i) uniaxial compaction 
at 10 ksi on the as-deposited coatings, ii) a reduction anneal at 850 °C for 1 h in forming 
gas (2% H2–98% Ar mixture), iii) uniaxial compaction of the reduced sample (various 
pressures ranging from 10 to 100 ksi were explored), and finally iv) an oxidation anneal 
in air at 850 °C for 100 h. 
 Uniaxial pressing is not feasible for coatings on complex shapes, and isostatic 
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pressing is required, which would increase process complexity and cost. Therefore, it is 
highly desirable to develop an effective thermal densification protocol, which eliminates 
the mechanical pressing steps. So as an alternate densification method, as-deposited 
samples were directly reduced at 1000 ºC for 12 or 24 h in forming gas (2% H2 and 
balance Ar), and then annealed in air at 850 ºC for 100 h. The mechanical steps were 
eliminated by increasing the temperature and time of the reduction anneal. Ramping rates 
were limited to 5 ºC for the flat sample and 2-3 ºC for mesh samples to avoid cracking in 
the coatings. The coating samples after the densification process will hereon be referred 
to as ‘as-processed’ samples.  
2.2 Coating characterization and performance study 
 Phases present in the spinel powders and the coating layers were characterized by 
x-ray diffraction (XRD, Bruker D8 Discover XRD system with Cu Kα radiation). 
Thermogravimetric analysis, using a microbalance (TA Q600 microbalance) was carried 
out at 750 and 800 ºC. ASR measurements were carried out using a four probe method 
with platinum paste and mesh for electrical contact [79]. The samples were heated at 800 
ºC for 30 min to cure the platinum paste. Because of the presence of identical coatings on 
both sides of the substrates, the calculated ASR values were divided by two. Electrical 
conductivity testing of (CuMnCr)3O4 was carried out using the four-probe method on a 
cuboid bar of the related material. The bar was sintered in air at 1000 ºC for 20 h  for 
(Cu,Mn1.8)2.4Cr0.6O4) and at 1200 ºC for 10 h for (Cu,Mn1.8)1.3Cr1.7O4 and 
(Cu,Mn1.8)1.8Cr1.2O4). All bars were then annealed at 800 ºC for 10 h  to equilibrate the 
samples with the atmosphere. When testing at different temperatures, the samples were 
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held at temperature for at least 30 min before taking the measurements. The conductivity 
of the dense material, Φ, was calculated from the measured conductivities (Φm) and 
porosity (p) using the equation [36]: 
Φ = Φm(1+p/2)/(1−p)      (1) 
 Microstructures and compositions of the coating layers were studied by field 
emission scanning electron microscopy (FE-SEM, Zeiss Supra 55VP), 
scanning/transmission electron microscopy (S/TEM, FEI Tecnai Osiris S/TEM) and 
energy dispersive X-ray spectroscopy (EDS). Quantifications of the EDS results were 
carried out by the standard-less ZAF method. To prepare SEM specimen, samples were 
first mounted with epoxy (EpoThin 2 Resin and Hardener, Buehler), then polished in 
cross-section on a Buehler EcoMet 250 Grinder-Polisher using increasing finer silicon 
carbide abrasive papers (up to 600 grit) before the final polish using 0.05μm alumina 
polishing suspension. For TEM specimen preparation, samples were mounted and 
polished identically as the SEM samples, after which electron-transparent cross-sectional 
TEM samples were made by in-situ lift-out using a focused ion beam system (FIB, FEI 
Quanta 3D FEG), equipped with an Omniprobe micromanipulator. 
 To test the effectiveness of the coatings in preventing Cr-poisoning in working 
fuel cells, a coated mesh sample was placed in direct contact with the cathode of a cell 
and the performance of the cell was measured as a function of exposure time to the 
interconnect.1 Detailed information about the setup and cell fabrication can be found 
elsewhere [89-92]. The cells consisted of a lanthanum strontium manganite (LSM) 
                                                        
1 Electrochemical tests were carried out by Dr. Ruofan Wang 
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cathode current collective layer, a LSM/YSZ cathode active layer, a YSZ electrolyte, and 
a Ni/YSZ anode. A fabricated cell has diameter of approximately 3 cm and active 
cathode area of approximately 2 cm2. The tests were carried out at 800 ºC with dry air on 
the cathode side and hydrogen mixed with 2% water vapor as fuel on the anode side. The 
flow rates of oxidant and fuel were kept at 1000 ml/min and 300 ml/min, respectively. A 
Princeton Applied Research PARSTAT® 2273 potentiostat and a KEPCO 20-20 M 
power amplifier were used for the electrochemical testing. The cell was first kept under 
open circuit voltage (OCV) condition at 800 ºC for 2 days for performance equilibration. 
Then a constant current density of 0.5 A cm-2 was applied and the voltage of the cell was 
measured at every 24 h interval for 10 days. The results were compared to the 
performance of a cell whose cathode was in direct contact with a commercially available 
mesh sample with a CuMn2O4 coating, and a cell whose cathode was in direct contact 
with an uncoated mesh sample. 
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3. Spinel Powder Preparation Results 
3.1 Synthesis of spinel by GNP 
 The glycine in the GNP method has two functions; forming complexes with the 
metal cations, and serving as a fuel for the combustion with nitrate ions as oxidant [93]. 
Formation of the complexes increases the solubility of the nitrates and glycine and 
prevents selective precipitation when the solution is heated to evaporate the water [93]. In 
this study, it was observed that glycine dissolved much faster in the nitrite solution than 
in pure deionized water, validating the hypothesis of increased solubility. After the 
solution of nitrites and glycine was heated at ~100 ºC for 25-30 min, it turned into a 
homogeneous viscous blue solution. Continued heating with increasing temperature led 
to the boiling of the solution followed by sudden and rapid combustion that lasted for a 
few seconds. During combustion, large amounts of gases were vigorously released and 
highly porous spinel powders formed. The spinel powders were ejected violently with the 
gas, but were held back by the protective mesh covering the beaker. Figure 18 shows a 
SEM micrograph of the porous Cu1.3Mn1.7O4 powders prepared by GNP. 
 The molar ratio of glycine/nitrate (G/N or CH2NH2COOH/(Mn(NO3)2 + 
Cu(NO3)2)) is key to a successful GNP synthesis. Chick and co-workers [93] reported 
that the process is optimal when the products are H2O, CO2 and N2 since this leads to 
most vigorous combustion. Based on this argument, the optimal G/N molar ratio for the 
Cu1.3Mn1.7O4 spinel composition can be calculated to be 1.11. However, in this study, 
when a G/N molar ratio of 1.11 was used, no spinel powders were formed. Different G/N 
ratios were then investigated to experimentally determine the optimal ratio. 
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Figure 18. SEM images of Cu1.3Mn1.7O4 powders produced by the GNP after calcination 
at G/N ratio of 0.63 [94]. 
 
 Figure 19 shows the XRD results of the products at G/N rations of 0.48, 0.56 and 
0.63, with the goal of synthesizing Cu1.3Mn1.7O4 powders. It can be seen that spinel is 
successfully synthesized. The results of higher G/N ratios (0.7 and 1.11) are shown in 
Figure 20. For the G/N ratio of 1.11, no spinel was formed, while a G/N ratio of 0.7 led to 
the formation of a mixture of spinel and other byproducts. Figure 21 shows the 
appearance of Cu1.3Mn1.7O4 powders produced at G/N ratios of 0.4 and 0.56. It can be 
seen that the former has much larger and denser particles. Since porous structures are 
easier to ball mill to further decrease the particle size, this particle microstructure is not 
preferred. So, experimentally, the feasible G/N ratio was found to be between 0.48 to 
0.63. The ratio of 0.63 was chosen for this study because the powders formed at this ratio 
was the most porous.  
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Figure 19. θ - 2θ XRD patterns of products of GNP at G/N ratios of 0.48, 0.56, and 0.63 
to prepare Cu1.3Mn1.7O4 powders. 
 
 
Figure 20. θ - 2θ XRD patterns of products of GNP at G/N ratios of 0.7 and 1.11 to 
prepare Cu1.3Mn1.7O4 powders. 
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Figure 21. Photos of products of GNP at G/N ratio of 0.4 and 0.56 to prepare 
Cu1.3Mn1.7O4. 
 
 
 
Figure 22. θ - 2θ XRD patterns of Cu1.3Mn1.7O4 powders prepared at G/N ratio of 0.63 
before and after calcination at 500 ºC in air for 2h. 
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 Figure 22 shows the XRD results of Cu1.3Mn1.7O4 powders produced with a G/N 
ratio of 0.63 before and after calcination in air at 500 ºC for 2h. It can be seen that there 
were two unknown peaks in the XRD pattern for the powders before calcination which 
disappeared after calcination. This indicates the existence of certain byproduct that can be 
removed by calcination. So calcination is a critical step to make phase pure spinel 
powders. 
 For CuMn1.8O4, the G/N ratio of 0.63 was also used, but a calcination of 2 h was 
carried out at 800 ºC in air. Details about the phase stability of CuMn1.8O4 will be 
discussed in Chapter 5. 
3.2 Ball-milling of spinel powders 
 The size of the powder particles need to be decreased for use in EPD. Ball milling 
was used to decrease the particle size and different milling times and charge ratios (ball 
to powder mass ratio) were explored. Figure 23 shows the SEM images for the powders 
ball-milled at charge ratio of 2:1 for different times. It was found that porous spinel 
powders changed to submicron particles after ball-milling. However, longer ball milling 
times (8h, 12h, and 16h) did not provide any further significant improvement. Figure 24 
shows the SEM images for the powders ball-milled at different charge ratio for 4 hours. It 
can be seen that the particle size at charge ratio of 2:1 is the smallest. Major powder 
agglomeration was also observed at high charge ratio for longer time (20:1, 16 h), even 
though the powders themselves had finer particle sizes. Therefore, charge ratio of 2:1 and 
milling time of 4h was selected for this study. 
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Figure 23. SEM images of the Cu1.3Mn1.7O4 powders ball-milled at a charge ratio of 2:1 
for 4 h, 8 h, 12 h, and 16 h. 
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Figure 24. SEM images of the Cu1.3Mn1.7O4 powders ball-milled for 4 h at charge ratio of 
1:1, 2:1, 4:1, 10:1, and 20:1. 
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4. Cu1.3Mn1.7O4 spinel coatings 
 This chapter discusses the results of Cu1.3Mn1.7O4 coatings. The phase purity, 
uniformity, thickness and porosity of the coating layers were studied by X-ray diffraction 
(XRD) and scanning electron microscopy (SEM). The effectiveness of the coating layer 
to prevent oxygen and chromium diffusion was evaluated by thermogravimetric analysis 
(TGA) and energy dispersive X-ray spectroscopy (EDX), respectively. The area specific 
resistance (ASR) of the coated samples was measured as a function of temperature [94]. 
4.1 Coating deposition and densification 
 Cu1.3Mn1.7O4 powders were synthesized by GNP and ball-milled as discussed in 
previous chapter. Figure 25(a) shows a θ-2θ diffraction scan of the powders after 
calcination. All the peaks can be indexed to Cu1.3Mn1.7O4, indicating that the powders 
were phase pure.  
 
Figure 25. θ - 2θ XRD scans of: a) Cu1.3Mn1.7O4 powders after calcination, b) coating 
layer after reduction, and c) coating layer after annealing for 100 h at 850 ºC in air. 
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 The EPD parameters used in this study were based on previous work reported in 
the literature [75, 79]. It was found that the finer particles are deposited during the initial 
stages of the deposition process [79]. Since for the same packing density, the pore sizes in 
finer particles are smaller, they are easier to fill in during the densification annealing. The 
deposition was carried out in two steps with relatively short deposition times. A fresh 
solution was used in each step to ensure that the finer particles were deposited selectively 
in both steps. Figure 26a shows an as-deposited coating in cross-section. The figure 
shows that the 66µm coating is uniform and well-adhered, and the boundary between the 
two EPD steps is evident. 
 The as-deposited sample was uniaxial pressed at 10 ksi to increase the green 
density of the coating layer. The coating was then reduced for 1h in forming gas at 850°C. 
Figure 26b shows a cross-section of the coating after the reduction step. The figure shows 
that there was a significant decrease in the coating thickness to 21µm, and the boundary 
between the two deposition steps was no longer visible. The inset in Figure 26b shows 
the reduced coating at a higher magnification. Apart from the porosity (marked as P), two 
distinct phases (marked as A and B) are apparent in the inset figure. Figure 25b shows the 
XRD scan of the reduced coating. The scan indeed confirms the presence of two distinct 
phases that can be indexed as Cu and MnO. The compositions of the phases marked as A 
and B were determined by EDS using a spot mode, and the results are shown in Table 3. 
The EDS results show that spinel coating layer was indeed reduced to Cu (bright phase, 
marked as A) and MnO (grey phase, marked as B). The minority presence of Mn and O 
in region A, and Cu in region B in the EDS results are due to the electron beam 
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penetration depth and broadening. This results in sampling volumes that are larger than 
the volume of the ~1µm diameter grains of the two phases. 
Table 4. Elemental concentrations (at%) at different spots marked in Figure 26 
 Point O K Cr K Mn K Cu K 
A 3.45 - 3.66 92.89 
B 46.97 - 50.78 2.24 
C 43.58 - 1.30 55.12 
D 38.06 61.62 0.32 - 
E 50.10 0.75 31.91 17.23 
F 49.32 12.50 24.26 13.92 
 
 The reduced sample was uniaxially pressed at 100 ksi and annealed at 850 ºC in 
air for 100 h to oxidize the reduced Cu and MnO phases back to spinel and to densify the 
coating. Figure 26c shows the cross-section of the coating after annealing (as-processed 
sample). The figure shows that after annealing, the 27μm coating is uniform, adherent, 
and crack-free, but separated into two distinct layers. Adjacent to the coating/substrate 
interface, there is a ~6.7μm thick, dense inner layer. The remainder of the coating has 
some porosity, but they seem to be isolated, which should have minimal adverse effect on 
the coating layer as a diffusion barrier. Figure 26c also shows a layer formed on the top 
surface of the coating marked as C. Figure 25c shows the XRD scan from the annealed 
coating. The peaks can be indexed to the copper manganese spinel phase, as well as CuO. 
Indeed, an EDS point scan of the top layer (C in Figure 26c), shown in Table 4, showed 
this top layer to be CuO. The phase diagram of Cu-Mn-O [77] shows the presence of 
CuO as a stable phase along with the spinel phase at 800ºC for a 3Cu/(Cu+Mn) atomic 
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ratio of 1.3 (the value for Cu1.3Mn1.7O4). 
 
Figure 26. SEM images of Cu1.3Mn1.7O4 coating layer: a) in the as-deposited state after 
EPD, b) after reduction with the inset showing the presence of pores (marked as P) and 
two distinct phases marked as A (identified as Cu, see Figure 25b and Table 4) and B 
(identified as MnO, see Figure 25b and Table 4), and c) after annealing, showing the 
formation of a surface layer marked as C (identified as CuO, see Figure 25c and Table 4), 
an interfacial layer marked as D (identified as Cr2O3, see Table 4), a porous outer layer 
marked as E and a dense inner layer marked as F. 
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 In addition, a thin layer of Cr-rich oxide layer containing a very small amount of 
Mn was observed between the substrate and the coating, as marked by D in Figure 26c. 
The corresponding EDS results of a spot scan at point D is shown in Table 4. The 
formation of this oxide is presumably due to easy oxygen diffusion during the initial 
annealing process, where there was significant connected porosity before spinel 
formation and densification of the coating. 
 Elemental distribution mapping was carried out on a polished cross-section of the 
as-processed coating and the results are shown in Figure 27. The figure shows the 
presence of Cr in the dense inner layer, but not in the outer porous layer. This was further 
confirmed by EDS spot scans. Table 4 lists the compositions at locations in Figure 26c, 
marked as E in the outer porous layer, and F in the inner dense layer of the coating. The 
Cr content in location F is 12.5 at%, while location E showed only a trace amount of Cr 
(0.75 at%). A line scan across the coating (Figure 28a) showed a decreasing trend in Cr 
concentration from the Cr-rich oxide layer to the interface of the inner dense layer and 
outer porous layer. A best fit to the Cr diffusion profile in Figure 28a gives a Cr 
diffusivity of 1.05X10-17 m2/s at 850°C in the Cu1.3Mn1.7O4 coating. However, the Cr 
concentration profile in Figure 28a shows a relatively flat region, which suggests either a 
solubility limit of Cr in the Cu-Mn spinel, or the formation of a reaction layer between 
the thermally grown oxide and the spinel coating. Such a reaction layer has been 
previously observed in Co-Mn spinel coatings on Crofer 22 APU [46, 50]. 
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Figure 27. SEM image of a) as-processed sample, and elemental distribution maps of b) 
Cr, c) Cu, d) Mn, e) Fe, and f) O. 
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Figure 28. EDS line scan at locations shown by black lines in the a) as-processed sample, 
and the b) coated sample after isothermal oxidation at 800°C for 120h, and c) comparison 
of Cr distributions. 
 
4.2 The effect of pressure during uniaxial pressing 
 The thermomechanical treatment for coating densification has two uniaxial 
pressing steps; before (first step) and after (second step) the reduction annealing. Figure 
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26c shows that 10 ksi and 100 ksi for the first and second steps, respectively, works well. 
In order to see if the pressure for the second pressing step can be reduced, samples with 
single EPD deposition step were processed with the first uniaxial pressing pressure of 10 
ksi remaining unchanged, while the second pressing pressure was reduced to 10 ksi and 
25 ksi. The rest of the thermomechanical treatment was identical. The resulting coatings 
are shown in cross-section in Figures 29a (10 ksi case) and 29b (25 ksi case). In both 
cases, there was significant and unacceptable open porosity in the top part of the coatings. 
Since the 100 ksi case worked well (Figure 26c), the question of whether the first 
isothermal pressing before reduction is necessary was addressing by eliminating the first 
pressing step while maintaining the second post reduction pressing step at 100 ksi. Figure 
29c shows the cross-section of the resulting coating. The figure shows that there is still 
significant porosity in the top part of the coating, some of which is open, making such a 
coating undesirable. Thus it was concluded that both pressing steps are necessary, and the 
pressures of 10 ksi and 100 ksi lead to good coatings with no open or connected porosity. 
 
 
Figure 29. SEM micrographs of cross-sections of Cu1.3Mn1.7O4 coatings pressed at 
different pressures for the pre-reduction and post-reduction uniaxial pressing: a) 10 ksi 
and 10 ksi, b) 10 ksi and 25 ksi, and c) 0 ksi (not pressed) and 100 ksi. 
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4.3 ASR measurements 
 Area-specific resistance measurements were carried out using the DC four-probe 
method on a coated sample that had been isothermally oxidized for 185h in air at 800°C. 
It is assumed that the contact resistance, and the ASR values of Crofer 22 APU, silver 
paste, mesh, and wires are much lower than those of the spinel coating layer and oxide 
scale formed during processing and subsequent oxidation at 800°C. Since the current path 
includes coatings and oxide scales on the front and back of the samples, and assuming 
that the coating and oxides scales on the front and back sides of the samples are identical, 
the ASR value for a combination of coating and oxide scale is taken to be half the 
experimentally measured value.  The ASR value of the coating and oxide at 800 ºC was 
measured to be 6.13 mΩ cm2 after 185h of oxidation. This is well within the target ASR 
value of 100 mΩ cm2 requirement for SOFC interconnect coatings at this temperature 
[79], and is a reflection of the high electrical conductivity of copper manganese spinels. 
However, since fuel cells have expected lifetimes of tens of thousands of hours, longer 
time ASR studies are needed to predict long-term behavior of the coatings, and will be 
the subject of future studies. 
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Figure 30. Plot of log (ASR/T) vs T-1 over a temperature range of 600–800°C for a coated 
sample oxidized in air at 800°C for 185 h, showing an excellent linear fit.  
 
 The temperature dependence of ASR on the same sample was also measured by 
letting the sample cool, and taking the measurements continuously as the sample cooled. 
The dependence of ASR on temperature can be expressed as: 
ASR/T = A exp(Ea/kT),     (2) 
where T is the temperature, Ea is activation energy, k is the Boltzmann constant, and A is 
a constant [79]. A plot of log (ASR/T) vs T−1 in the 600-800°C range is shown in Figure 
30. The slope of the straight line in the plot gives an Ea value of 0.90 eV, in agreement 
with Huang and coworkers [79]. 
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4.4 Thermogravimetric analysis 
 Coated and uncoated samples were oxidized in air at 800°C for 120 h, and the 
weight gain of the samples was measured by a thermogravimetric balance. Plots of the 
weight gain per unit area of the coated and uncoated samples as a function of oxidation 
time are shown in Figure 31. The weight gain versus time plots in Figure 31 were fit to 
the parabolic weight gain kinetics, given as:  
(∆W/A)2 = kgt ,                                                        (3) 
where ∆W/A is weight gain per unit area, kg is the gravimetric (oxidation) rate constant 
and t is oxidization time. The fits give kg values of 1.36 × 10
−7 mg2 cm−4 s−1 for the 
uncoated sample and 6.25 × 10−8 mg2 cm−4 s−1 for the coated sample. These values are a 
little higher than previous reported values of 4.8 × 10−8 mg2 cm−4 s−1 for bare Crofer 22 
APU [46] and 1.45 × 10−8 mg2 cm−4 s−1 for a Mn1.5Co1.5O4-coated Crofer 22 APU 
sample [43]. It should be noted that Equation 3 assumes a parabolic relationship with the 
oxidation process being controlled by diffusion through a single phase. This is not quite 
true even for the oxidation of the bare alloy, where the thermally grown oxides are 
composed of chromia and Mn-Cr spinel layers [95]. With the coated sample, a coating 
layer of constant thickness is added to the thermally grown oxide layers. Thus, the kg 
value of the coated sample should be treated as a gross simplification of the effective 
oxide growth rate (weight gain). The study of the contribution of each layer to the 
oxidation resistance requires significantly longer oxidation times and careful 
quantification of the growth kinetics of the thermally grown chromia and spinel layers 
between the alloy and the coating.  
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Figure 31. Plots of weight gain per unit area measured by thermogravimetry of uncoated 
and coated samples as a function of time during isothermal oxidation in air at 800°C. 
  
Figure 32a shows the cross section of the coated sample after 120h of isothermal 
oxidation at 800°C. The coating layer remains well adhered to the substrate and no 
microcrack formation is visible. The elemental distribution maps are shown in Figure 32. 
While the change of the thickness of the thermally grown oxide is barely perceptible, 
there is a noticeable increase in the thickness of the dense inner layer of coating (increase 
from 6.7μm to 8.5μm).  Figure 28b shows the composition profile corresponding to a line 
scan across the coating. The Cr diffusion profiles of the as-processed and subsequently 
oxidized samples are overlaid in Figure 28c. The figure shows that the oxidation 
annealing has led to additional Cr diffusion in the coating, although the Cr profile is still 
limited within the dense inner layer of the coating. The existence of a flat region in the 
diffusion profile is even more evident in this case. Longer-term oxidation studies are 
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needed to more accurately determine the kinetics of Cr diffusion and the thickening 
kinetics of the inner dense layer of coating, as well as structural changes, if any, in the 
Cr-containing dense layer.  
 
 
Figure 32. SEM image of a) cross section of coated sample after isothermal oxidation at 
800°C for 120 h, and elemental distribution maps of b) Cr, c) Cu, d) Mn, e) Fe, and f) O. 
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5. CuMn1.8O4 spinel Coatings 
 As discussed in previous section, although the Cu1.3Mn1.7O4 coatings have high 
electrical conductivity, the coatings were not stable phase at 850 ºC and formed a layer of 
CuO at the coating surface. To avoid this problem, a Cu-Mn spinel with a lower Cu 
content, i.e., CuMn1.8O4 was chosen as the coating material. The electrical conductivity 
of CuMn1.8O4 is 120 S cm
-1 at 800 ºC [75], which is slightly lower than that of 
Cu1.3Mn1.7O4 (~130 S cm
-1 at 800 ºC [75]), but is much higher than that of the widely 
used Mn1.5Co1.5O4 (66 S cm
-1 at 800 ºC [33]). 
 In this chapter, CuMn1.8O4 spinel coatings, applied by EPD on Crofer 22 APU 
plates and Crofer 22 H meshes, is discussed. A thermal densification method was 
explored to eliminate the mechanical pressing steps while still achieving dense coatings. 
The effectiveness of coating layer as a diffusion barrier, its interaction with the thermally 
grown Cr2O3 scale, the time dependence of the area specific resistance (ASR) during high 
temperature oxidation of the coated samples, as well as the changes in coating 
morphology, and phase and composition distribution, were studied. Finally, performance 
of solid oxide fuel cells in direct contact with coated mesh samples were studied to 
evaluate the ability of the coatings to mitigate the harmful effects of Cr-poisoning [96]. 
5.1. Coating deposition and densification 
 Figure 33a (1) shows the XRD result of the powders after calcination at 800 ºC in 
air. It can be seen that the powders are mainly cubic spinel phase with small amount of 
Mn3O4. In-situ high-temperature XRD was carried out to confirm the temperature 
dependence of the phase content of CuMn1.8O4, which will be discussed in Section 5.4.  
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Figure 33. a) θ - 2θ XRD scans of: (1) CuMn1.8O4 powders after calcination, (2) coating 
layer after reduction annealing, and (3) coating layer after oxidation annealing for 1 h at 
850 ºC in air. SEM SE images of CuMn1.8O4 coating in cross-section in the b) as-
deposited state after EPD, c) after reduction annealing for 24 h at 1000 ºC, and d) after 
oxidation annealing for 1 h at 850 ºC in air. 
 
 An SEM image of the cross-section of as-deposited coating is shown in Figure 
33b. The coating is uniform and well adherent with a thickness of ~26 μm. Though the 
particles are densely packed, the as-deposited coating has numerous small pores, thus 
requiring further densification. Reduction and re-oxidation is an effective strategy for the 
densification of the coating layer. Cu1.3Mn1.7O4 spinels coatings were found to be reduced 
to Cu and MnO phases on annealing in forming gas at 850 ºC for 1 h [94]. The departure 
of oxygen during reduction annealing results in increased porosity in the coating layer. 
The pores in the as-deposited coatings and in the reduced coatings can be reduced by 
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mechanical pressing steps [94]. As described in the previous chapter, without the pressing 
steps or when the pressure was not high enough, the resulting coatings were highly 
porous. Although uniaxial pressing is feasible for coatings on flat plates, coatings on 
complex shapes such as meshes will require the use of isostatic pressing, which is an 
expensive process. Elimination of the pressing steps is desirable due to a reduction in 
processing complexity and cost. One way to achieve this is to carry out the densification 
at sintering temperatures higher than 850 ºC. However, sintering in oxidizing 
atmospheres at high temperatures is not acceptable because it will significantly increase 
the kinetics of the formation of the Cr2O3 scale before the connected porosity is 
eliminated. An alternative is to increase the temperature and time of the reduction anneal, 
where densification by sintering can occur in a reducing environment with a low oxygen 
partial pressure. Lee and co-workers [60] reduced an Mn1.5Co1.5O4 coating at 1000 ºC and 
re-oxidized it at 800 ºC without mechanical pressing and achieved a dense coating with a 
thin layer of oxide scale at the interface. They also reported that a green bar of 
Mn1.5Co1.5O4 powders subjected to a reduction anneal in forming gas was reduced to Co 
and MnO. The linear shrinkage of the bar as a result of the sintering of Co and MnO 
phases increased with increasing temperature, and was as high as 21% linear shrinkage at 
1000 ºC. This shrinkage was much higher than a green bar of Mn1.5Co1.5O4 powders 
directly sintered in air at 1000 ºC. Since the melting point of Cu (1085 ºC) is much lower 
than that of Co (1495 ºC), the sinterability of Cu-MnO phase mixtures should be better 
than Co-MnO phase mixtures at the same temperature. So it is expected that this strategy 
would be even more successful for the CuMn1.8O4 coatings. 
  
58 
 The as-deposited samples were annealed in a reducing environment (forming gas) 
at 1000 ºC for 24 h. Figure 33a (2) shows the XRD scan of the coating after reduction. 
All the peaks in the scan can be indexed to Cu, MnO, and substrate. Figure 33c shows an 
SEM image of the sample after reduction. EDS analysis shows the rounded bright 
particles to be Cu, and the remaining grey areas to be MnO. Compared to the 
Cu1.3Mn1.7O4 coating after reduction at 850 ºC [94], the particle sizes of the Cu in this 
sample are much larger and the density of the coating layer is much higher. However, 
there is also a Cr -rich oxide scale with the thickness of ~1.2 µm at the interface. EDS 
quantification shows that this layer consists of 43.0 at% of O, 36.5 at% of Cr, 19.5 at% of 
Mn and 1.0 at% of Fe, indicating that this layer is possibly mainly MnCr2O4. The 
inaccuracy of O content is because of the limitation of EDS quantification on light 
elements. This means that oxygen partial pressure at the interface in the forming gas is 
not low enough to prevent the formation of the thermally grown spinel layer at 1000 ºC.  
 The reduced samples were then re-oxidized at 850 ºC in air. As shown in Figure 
33d, the morphology of the coating is completely altered after only 1 h of oxidation 
annealing. The distinct Cu particles are no longer visible, and at this magnification, the 
microstructure appears to be homogeneous. However, XRD analysis of the coating after 1 
h of oxidation annealing (Figure 33a (3)) shows that although the majority of the coating 
at room temperature is the spinel phase, there is also the presence of the Mn3O4 phase, as 
with the spinel powders (Figure 33a (1)). 
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5.2. Coating microstructure and composition 
 
Figure 34. SEM SE images and Cr distributions along the line shown by x axis of 
CuMn1.8O4 coating layers after a) 1 h, and b) 100 h oxidation annealing (as-processed 
sample) at 850 ºC in air, c) θ - 2θ XRD scan of as-processed sample. 
 Figure 34a, a higher magnification image of the coating after 1 h of oxidation 
anneal, shows that the coating is dense with isolated pores and small needle-like 
structures that are present throughout the coating. Inset in Figure 34a is an EDS line scan 
showing the Cr distribution profile in the coating after 1 h of oxidation annealing. The 
figure shows no Cr diffusion into the coating layer. Figure 34b shows the coating in 
cross-section after 100 h of oxidation annealing in air at 850 ºC, i.e., the as-processed 
coating. The figure also shows the Cr distribution profile across the coating, obtained by 
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an EDS line scan. It is evident that with increasing oxidation time, the coating separates 
into two distinct layers, an inner Cr-containing dense layer which also has some 
precipitates (some of which are marked by arrows in Figure 34b), and an outer Cr-free 
layer with needle-like structures which are seen in the coating annealed for 1 h. This 
suggests that the inner dense layer is associated with the presence of Cr. A Cr-rich 
thermally grown oxide layer can be seen at the coating/substrate interface in Figure 34b. 
EDS analysis of this layer showed the composition to be 47.0 at% of O, 52.2 at% of Cr 
with trace amounts of Mn and Fe, indicating that this interfacial layer is likely Cr2O3. 
Thus the thermally grown MnCr2O4 formed during the reduction annealing transforms to 
Cr2O3 during the oxidation anneal, implying that once the spinel coating has sintered to 
sufficient density, the oxygen partial pressure at the substrate/coating interface is low 
enough to make MnCr2O4 unstable but high enough for Cr2O3 to be stable. An XRD scan 
of the as-processed coating (Figure 34c) shows the coexistence of the cubic spinel phase 
and Mn3O4, as with the coating after 1 h oxidation anneal. 
 The spatial resolution of SEM-based EDS analysis is limited due to the beam size 
and the beam broadening, which makes the interaction volume to be larger than the sizes 
of these fine microstructural features such as the precipitates in the dense layer and the 
needle-like structures in the outer layer. The smaller spot size available in the TEM along 
with the thin electron transparent sample that limits beam spreading makes TEM-based 
EDS analysis ideal to study these fine features. 
 Figure 35a shows a backscattered electron image of an electron-transparent cross-
sectional TEM sample of an as-processed CuMn1.8O4 coating made by the ‘lift-out’ 
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technique in the FIB. The thinning direction of the Ga beam in the FIB system shown in 
the figure is from right to left, making the sample thinnest (~ 300 nm) at the right edge. 
The pores in the coating are enlarged during FIB processing. Figure 35b shows a dark-
field STEM micrograph of the outer portion of the coating, showing the needle-like 
structures. Figure 35c shows a dark-field STEM micrograph of the coating near the 
interface, which includes the interfacial thermally grown oxide scale and a portion of the 
Cr-containing inner dense layer. As described in Section 3.3, reaction between Cr2O3 and 
CuMn1.8O4 powders showed the formation of a single-phase Cr-doped copper manganese 
spinel. We will therefore refer to this Cr-containing dense phase as (Cu,Mn,Cr)3-xO4. 
 
Figure 35. a) Back-scattered electron image of cross sectional TEM sample, b) STEM 
dark-field image of needle structures, c) STEM dark-field image of inner dense layer and 
Cr2O3 scale. 
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 Figure 36 shows STEM-based EDS elemental dot maps of various regions in the 
coating. Figure 36a shows the elemental distribution in the outer layer, indicating that 
that the needle-like structures are rich in Mn and deficient in Cu. A spot spectrum on 
such a needle-like structure shows a composition of 33.3 at% of Mn, 6.5 at% of Cu, 
negligible amount of Cr and balance of O. Combined with XRD results (Figure 34c), it 
can be concluded that the needle-like structures are Mn3O4. Presence of Cu could be 
caused by beam broadening and/or overlapping between needles-like structures and the 
surrounding CuMn1.8O4 spinel phase. Figure 36b shows the EDS elemental maps of the 
Cr-containing inner dense coating layer close to the interface. The figures show the 
presence of Cr-rich precipitates within this layer. It is possible that once the saturation 
limit of Cr in (Cu,Mn,Cr)3-xO4 is reached, Cr2O3 precipitates form. Figure 36c shows the 
EDS elemental dot maps from the thermally grown oxide scale at the interface, indicating 
that the coating is mainly Cr and O, with negligible amounts of Cu, Mn, and Fe. This 
indicates that the oxide scale is essentially Cr2O3, without an outer MnCr2O4 layer above 
it, typically found during oxidation of bare Crofer 22 APU [95]. 
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Figure 36. S/TEM-based EDS elemental dot maps of: a) needle-like structures in the 
outer coating layer, b) inner dense layer containing precipitates, and c) interfacial oxide 
scale. 
 
5.3. Interaction between Cr2O3 and CuMn1.8O4 
 Since the previous sections show that Cr can diffuse into CuMn1.8O4 while 
maintain a cubic spinel structure (Figure 34c), and that there seems to be a saturation 
limit after which Cr2O3 precipitates out (Figure 36b), it is important to know the 
solubility limit of Cr2O3 in CuMn1.8O4. To study this experimentally, different molar 
ratios of CuMn1.8O4 and Cr2O3 powders were intimately mixed  by ball milling and 
reacted at 800 ºC in air for 10 h. XRD patterns of the resulting powders are shown in 
Figure 37.  
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Figure 37. θ - 2θ XRD scans of products of reactions between CuMn1.8O4 and Cr2O3 
powders at 800 ºC in air for 10 h with different molar ratios of the powders. 
 
 Figure 37 shows that for Cr2O3/CuMn1.8O4 molar ratios of up to 1.83, a pure cubic 
spinel phase is the only product, which we have previously designated as (Cu,Mn,Cr)3-
xO4. Interestingly, incorporation of increasing amounts of Cr leads to a systematic peak 
shift to lower 2θ values (e.g., see cubic spinel peaks at 2θ ~ 43.5°), indicating an increase 
in the lattice parameter. At Cr2O3/CuMn1.8O4 molar ratios of 2.01 and higher, the cubic 
spinel peaks are accompanied by extra peaks that can be indexed as Cr2O3, indicating that 
saturation has been reached. This suggests that CuMn1.8O4 is an excellent getter of Cr (or 
Cr2O3) and at 800 ºC, and at least 1.83 moles of Cr2O3 (or 3.66 moles of Cr) can be 
incorporated into each mole of CuMn1.8O4 at room temperature. This excellent Cr-
gettering ability makes CuMn1.8O4 as an excellent candidate for an in-cell getter material 
(Section 1.5), and this should be explored further in the future. 
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 Electrical conductivity of the reaction layer would play an important role in 
determining the ASR of the coated sample. Thus, the electrical conductivities of 
(Cu,Mn,Cr)3-xO4 was measured. If it is assumed that (Cu,Mn,Cr)3-xO4 formed by the 
reaction of CuMn1.8O4 and Cr2O3 powders is not cation deficient, the spinel formed at 
Cr2O3/CuMn1.8O4 molar ratios of 1.83 would be (Cu,Mn1.8)1.3Cr1.7O4. Under this 
assumption, the electrical conductivities of three composition, (Cu,Mn1.8)1.3Cr1.7O4, 
(Cu,Mn1.8)1.8Cr1.2O4 and (Cu,Mn1.8)2.4Cr0.6O4, were measured as a function of temperature. 
The results are shown in Figure 38. It was found that the incorporation of Cr decreases 
the electrical conductivities compared with CuMn1.8O4 (~ 120 S cm
-1
 at 800 ºC) and that 
the electrical conductivity decreases with the increase of Cr content. This trend is the 
same as with Cr-doped (MnCo)3O4 spinel. For (Cu,Mn1.8)1.3Cr1.7O4, the electrical 
conductivity is 4.1 S cm-1 at 800 ºC. Nevertheless, it is still two orders of magnitude 
higher as that of Cr2O3 (0.01 S cm
-1 at 800 ºC). So, the formation of such reaction layer is 
beneficial to achieve a low ASR because the poorly conductive Cr2O3 scale is consumed. 
 
Figure 38. Electrical conductivities of (Cu,Mn1.8)1.3Cr1.7O4 (green), (Cu,Mn1.8)1.8Cr1.2O4 
(red) and (Cu,Mn1.8)2.4Cr0.6O4 (blue) as a function of temperature. 
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5.4. Phase stability of CuMn1.8O4 at different temperatures 
 
Figure 39. In-situ XRD scans of reduced coating subjected to two thermal cycles (inset). 
 
 In order to study the phase stability of CuMn1.8O4 as a function of temperature, a 
reduced coating sample (containing Cu and MnO phases) was subjected to two thermal 
cycles in air and in-situ XRD studies were carried out during this process. The heat 
treatment cycles and the resulting XRD scans are shown in Figure 39. The sample was 
first kept at 850 ºC for 10 h (scan A) and then cooled to 750 ºC and held for 2 h (scan B). 
The sample was then cooled to room temperature (scan C), and then heated back to 750 
ºC (scan D) and held for 2 h, before being cooled to room temperature again (scan E). 
The ramp rates in the thermal cycles were roughly 60 ºC min-1 and each XRD scan took ~ 
1 h to complete.  
 It is already known that the re-oxidation of Cu and MnO back to spinel occurs 
within one hour of oxidation annealing. So it is expected that CuMn1.8O4 spinel phase is 
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formed at 850 ºC after the 10 h oxidation, as confirmed by scan A. Mn3O4 peaks, that are 
present at room temperature (Figure 33a (3)) do not appear in scan A and scan B. This 
implies that the CuMn1.8O4 composition is a single-phase spinel at temperatures between 
750 ºC and 850 ºC, which is in the operating range of typical IT-SOFCs. After the sample 
is cooled down to room temperature, scan C shows that the tetragonal Mn3O4 phase 
appears. Since this phase change happens within 12 mins of cooling down, it means that 
the kinetics of formation of the Mn3O4 phase in this material on cooling is rapid. The 
disappearance of the Mn3O4 phase during the heating up to 750 ºC, as shown by scan D, 
indicates that the dissolution of the Mn3O4 phase on heating also happens quickly. Scan E 
is identical to scan C, indicating that the material has no thermal hysteresis in terms of 
phase changes on heating and cooling. Since Mn3O4 only exists at room temperature and 
disappears very quickly at the operating temperature of SOFCs, its effect on the 
performance of the coating at operating temperature should not be an issue. The shift of 
the cubic spinel peaks to lower 2θ values (increased lattice parameters) at high 
temperature is likely caused by a combination of thermal expansion and Mn3O4 
incorporation into the lattice. It is also worth noting that the broadening of the peaks for 
spinel phase at room temperature is possibly caused by variation in the composition of 
spinel phase resulted from incomplete phase transition during rapid cooling. 
5.5. ASR measurements 
 ASR measurements were taken during the 100 h processing oxidation annealing 
at 850 ºC to re-oxidize the reduced phases (and obtain as-processed coatings) followed by 
isothermal oxidation at 800 ºC for 400 h in air. The results are shown in Figure 40a. The 
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ASR gradually increases during both processes, increasing from 8.9 mΩ*cm2 to 14.9 
mΩ*cm2 during the processing related oxidation annealing, and then increases to 21.8 
mΩ*cm2 after 400 h of isothermal oxidation.  
 
Figure 40. a) Changes in ASR during the oxidation annealing process (850 ºC for 100 h) 
and during subsequent isothermal oxidation for 400 h at 800 ºC in air. b) SEM SE images 
and Cr distribution along the line shown by x-axis of sample after ASR measurement. 
 
 The faster increase of ASR during the oxidation anneal should be caused by faster 
oxidation kinetics which can be attributed to two factors; the higher temperature (850 ºC) 
and greater probability of connected porosity being present in the as-reduced state than in 
the as-processed coating after the oxidation anneal. It should be noted that before the 
measurement, the sample was heated at 800 ºC in air for 30 min to cure the platinum 
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paste. Since the re-oxidation of Cu and MnO to spinel is completed in 1 h (Figure 33d), 
the ASR measurements shown in Figure 40a does not reflect the first half hour of the re-
oxidation process. It is assumed that the resistances of the platinum paste, mesh, Crofer 
22 APU substrate, the silver wires (current leads), and the contact resistance are much 
lower than that of the coating and the Cr2O3 scale and thus can be neglected. Since the 
conductivity of CuMn1.8O4 is ~ 10
4 higher than that of Cr2O3 (~120 S cm
-1 [75] to 0.01 S 
cm-1 [5]), which is much larger than the ratio of their thickness (which is ~ 10, see Figure 
34a), the Cr2O3 scale should contribute to ASR much more than CuMn1.8O4 coating. 
After 100 h of oxidation annealing, the coating has a slightly thinner Cr2O3 scale at the 
interface, as compared to the sample that has undergone oxidation annealing for 1 h 
(Figure 34). However, the ASR of the coating goes up between 1 h to 100 h of oxidation 
annealing. This implies that the formation of the dense (Cu,Mn,Cr)3-xO4 reaction layer 
plays a role in the ASR increase and that the conductivity of the (Cu,Mn,Cr)3-xO4 reaction 
layer is lower than that of CuMn1.8O4. This is consistent with the electrical conductivity 
results discussed in Section 5.3. 
 Figure 40b shows the SEM image and Cr distribution profile of the coating after 
the ASR testing. Only a small number of needle-like structures exist near the surface of 
the coating. The EDS line scan shows that Cr has diffused through almost the entire 
thickness of the coating, indicating that Cr vaporization may happen at this stage. 
However, most of the coating is still far from the saturation limit, indicating that the 
coating will still act as a getter for Cr. 
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5.6. Effectiveness of coating in mitigating Cr-poisoning in cell 
 The effectiveness of the coatings in mitigating Cr-poisoning were tested2 in a 
single cell setup in which the coated mesh interconnects were in direct contact with the 
cathode of a solid oxide fuel cell. In this setup, mesh samples were chosen to allow air 
flow to the cathode. Crofer 22 H mesh samples were coated with CuMn1.8O4 using the 
same EPD process as the flat samples. One advantage of the EPD process is the ease of 
coating complex shapes with high curvatures. Furthermore, the elimination of the 
pressing steps in the densification process also facilitates densification of coatings on 
complex shapes. SEM images of an as-processed mesh sample are shown in Figure 41. 
The coating has an excellent coverage of the mesh surface (Figure 41a). A low 
magnification cross-section image (Figure 41b) shows that coating layer is thicker at 
sharp corners, presumably due to enhanced local electric fields at these locations during 
the EPD process. A higher magnification micrograph of the coating in cross-section 
(Figure 41c) shows the coating to have a similar morphology as coatings on flat plates, 
indicating that EPD process is transferrable to substrates with complex shapes. 
                                                        
2 Tests carried out by Dr. Ruofan Wang 
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Figure 41. SEM SE images of the a) surface, and cross-section at b) low-magnification 
and c) high-magnification of an as-processed Crofer 22 H mesh sample. d) Time 
dependence of potentials of cells in contact with bare (circles), commercial CuMn2O4-
coated (triangles) and CuMn1.8O4-coated (squares) meshes tested at a constant current 
density of 0.5 A cm-2 at 800 ºC. A cross-sectional SEM micrograph of the commercial 
CuMn2O4 coating is shown as an inset.  
 
 Before the Cr-poisoning test, the cell was first equilibrated at 800 ºC for 2 days. 
Then the cells were run with dry air on the cathode side and humidified (2% water vapor) 
H2 on the anode side at a constant current density of 0.5 A cm
-2, and the voltage of the 
cell was measured. Cells in contact with an uncoated sample and with a commercial 
CuMn2O4-coated sample were also tested under identical conditions for comparison. 
Figure 41d shows the results of the electrochemical tests. It should be noted that the 
difference in initial cell potentials after cell equilibration is due to different ohmic 
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resistances and different Cr-poisoning effects under open-circuit condition (caused by 
different partial pressures of Cr vapor species), which has been reported by Wang et al. 
[97, 98]. The potential of the cell in contact with the uncoated mesh sample started to 
drop rapidly from the start of the test.  For the case of cell in contact with the commercial 
CuMn2O4-coated sample, the cell potential increased after the first day, then kept almost 
constant for next 6 days before dropping. In contrast, the potential of the cell in contact 
with the CuMn1.8O4-coated mesh sample kept increasing during the entire experimental 
period. The increase in the cell voltage is associated with cell break-in, a process that 
occurs initially for all SOFCs being tested for the first time. The decrease in the cell 
voltage corresponds to the degradation of the cell performance due to Cr-poisoning. The 
uncoated interconnect has no protective layer to prevent Cr-poisoning, and the cell 
performance drops immediately. The commercial coating is thin and porous (see inset 
micrograph in Figure 41d). Thus the improvement of cell performance on the first day is 
due to cell break-in, after which the relatively steady performance is due to the balance 
between cell break-in and Cr-poisoning. After 6 days, the rate of degradation caused by 
Cr-poisoning is more than the rate of cell break-in, leading to an overall decrease in the 
cell performance. In the case of the CuMn1.8O4 coating, the cell break-in continues to the 
end of the testing, indicating that the coating acts as an excellent Cr-getter during this 
period, thereby mitigating Cr-poisoning.  
5.7 Coating performance at 750 ºC 
 Though CuMn1.8O4 coating showed great Cr-getter ability for 12 days at 800 ºC, 
the Cr diffusion profiles at 850 ºC (Figure 34b) and 800 ºC (Figure 40b) indicate that Cr 
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diffuses significant distances into the coatings (~7.1 μm and ~13.5 μm, respectively) at 
these temperatures. Once the coating is saturated with Cr, the coating would cease to 
provide protection against Cr-poisoning.  
 Since diffusivity has an Arrhenius relationship with temperature, the coating 
was tested at a lower temperature, 750 ºC, which is still well within the operational range 
of IT-SOFCs. Figure 42a shows the microstructure and Cr distribution plot in an as-
processed coating in which the oxidation anneal for densification was carried out for 100 
h at 750 ºC. Figure 42b shows the microstructure and Cr diffusion profile after an 
additional exposure of 850 h at 750 ºC in air. It can be seen that Cr diffusion is less than 1 
μm after 100 h and the diffusion distance is ~ 2.1 μm after the additional 850 h exposure, 
which illustrates that Cr diffusion is significantly slower at 750 ºC than at 800 ºC and 
above. Based on this result, these CuMn1.8O4 coatings show promise for use in SOFC 
systems being operated at 750 ºC or lower temperatures. 
 
Figure 42. SEM SE micrographs and Cr distributions along the line shown by x-axis in 
CuMn1.8O4 coatings after a) 100 h, and b) 950 h oxidation annealing at 750 ºC in air from 
reduced state. 
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6. (CuNiMn)3O4 spinel coatings 
 As discussed in Chapter 1, Wang et al. [46] found that Ti-doped and Fe-doped 
MnCo2O4 (MnCo1.66Ti0.34O4 and MnCo1.66Fe0.34O4) could achieve better conductivity and 
CTE match than pure MnCo2O4 and that the reaction rate between the spinel and chromia 
(Cr diffusion) at 900 ºC is significantly decreased with the doping of Ti and Fe compared 
to pure Mn1.5Co1.5O4 . It is possible that doping certain elements into (CuMn)3O4 may 
also lead to improved properties. 
 Joshi et al. [83] reported that Ni doped (CuMn)3O4 can expand the stability region 
of spinel while maintaining reasonably high conductivity of ~95 S cm-1 at 800 ºC with 40% 
of Ni (Cu0.6Ni0.4Mn2O4). 
 Some preliminary tests examining the Cr retention ability of Cu0.6Ni0.4Mn2O4  
spinel coatings were carried out in this study. The powder preparation and coating 
deposition process was the same as CuMn1.8O4, except that reduction annealing for 
densification was carried at 1000 ºC for 12 h instead of 24 h. 
 Figure 43 shows the XRD results at different stages of the coating preparation. It 
can be seen that a pure cubic spinel phase was achieved by the GNP method (Figure 43a). 
Figure 44a shows the cross-section of the coating after reduction. The light round 
particles were determined by EDS to be a Cu-Ni alloy and the grey bulk was found to be 
MnO. This is consistent with the XRD result shown in Figure 43b. Figure 43c shows that 
after re-oxidation, the spinel phase was recovered. Notably, there is no peaks for CuO 
and Mn3O4 as with Cu1.3Mn1.7O4 and CuMn1.8O4, respectively, possibly caused by the 
expanded stability region of spinel as reported by Joshi et al. [83]. Figure 44b shows the 
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cross-section of the coating after the 100 h oxidation anneal in air at 850 ºC. Cr profile 
shows that Cr diffused ~4.6 μm, which is less than the ~7.1 μm value for the CuMn1.8O4 
coating subjected to the identical conditions, which indicates that doping of Ni decreases 
Cr diffusivity in the coating layer. This might be explained by the octahedral site 
preference of ions. It was found that Cr3+ ions have the highest preference for octahedral 
sites in the spinel crystal structures [99]. So Cr3+ ions have to take the octahedral sites 
from other ions when they diffuse into the spinel structure. Since the octahedral site 
preference of Ni2+ is higher than that of Cu2+ [99], it would be harder for Cr3+ to take the 
octahedral sites from Ni2+, thus leading to slower Cr diffusion. 
 These preliminary results show that Ni-doped (CuMn)3O4 may provide a coating 
with better performance and needs to be studied further. 
 
Figure 43. θ - 2θ XRD scans of: a) Cu0.6Ni0.4Mn2O4 powders after calcination, b) coating 
layer after reduction annealing, and c) coating layer after oxidation annealing for 100 h at 
850 ºC in air. 
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Figure 44. SEM SE images and Cr distributions along the line shown by x-axis of 
Cu0.6Ni0.4Mn2O4 coating in cross-section a) after reduction annealing for 12 h at 1000 ºC, 
and b) after oxidation annealing for 100 h at 850 ºC in air. 
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7. Conclusions 
 Two different compositions of Cu-Mn spinels, Cu1.3Mn1.7O4 and CuMn1.8O4, were 
tested as materials for protective coatings on metallic plates and meshes in order to 
prevent Cr poisoning. 
 Highly porous and phase pure Cu1.3Mn1.7O4 and CuMn1.8O4 powders were 
obtained by GNP using a G/N ratio of 0.63 followed by calcination for 2 h in air at 500 ºC 
for Cu1.3Mn1.7O4 and 800°C for CuMn1.8O4. Ball milling at a charge ratio of 2:1 for 4 h 
with 0.3 mm YSZ ball worked best to decrease the particle size of the porous spinel to 
produce submicron particle sizes that are preferable to make the suspension for the EPD 
process.  
 Uniform and adherent spinel coatings were deposited on ferritic stainless steel 
substrates using EPD. A thermomechanical treatment was explored to densify the 
Cu1.3Mn1.7O4 coatings. It included a pre-reduction uniaxial compression at 10 ksi, a 
reduction anneal for 1 h at 850 °C in forming gas, a post-reduction uniaxial compression 
at 100 ksi, followed by an oxidation anneal in air at 850 °C for 100 h. An alternate purely 
thermal densification method was explored for CuMn1.8O4 coatings. This process did not 
have the mechanical pressing steps, but increased the time (24 h) and temperature 
(1000°C) of the reduction anneal. Both methods were proven to be feasible to provide 
relatively dense and adherent coatings. The latter is more suitable for coatings on 
complex shapes (such as meshes) because mechanical compression on curved surfaces 
can only be achieved by isostatic pressing. 
 Cu1.3Mn1.7O4 coatings formed CuO at the coating surface. CuMn1.8O4 remained a 
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single-phase cubic spinel between 750 ºC - 850 ºC but formed a separate Mn3O4 phase in 
a needle-like morphology during cool down to room temperature. The Mn3O4 phase 
however quickly disappeared on heating back to the 750-850ºC temperature range. 
 Both coatings showed low ASR values after isothermal oxidation that can be 
ascribed to the high electrical conductivities of the coatings, as well as providing good 
resistance to inward oxygen diffusion to slow down the growth of poorly conducting 
Cr2O3 at the coating/alloy interface. 
 During oxidation, an inner dense layer formed due to the interaction between the 
thermally grown Cr2O3 scale and spinel coatings. The layer was found to be a 
((Cu,Mn1.8)xCr3-σ-xO4 cubic spinel phase (with increasing x values away from the 
coating/substrate interface) whose thickness grew with time with increasing outward 
diffusion of Cr. This dense layer also contained dispersed Cr-rich precipitates (most 
likely Cr2O3), presumably precipitated out in regions where the coating was saturated 
with Cr. Bars made up pure ((Cu,Mn1.8)xCr3-xO4 phases with varying Cr contents had 
lower electrical conductivities than un-doped (CuMn)3O4, with the conductivity 
decreasing with increasing Cr content. However, the bar with the highest Cr content still 
had a conductivity that was two orders of magnitude higher than Cr2O3, making the 
formation of ((Cu,Mn1.8)xCr3-σ-xO4 is beneficial in terms of decreasing the ASR. Room 
temperature XRD studies on powder mixtures annealed at 800°C showed that 1 mol of 
CuMn1.8O4 can effectively getter at least 1.83 mol of Cr2O3. 
 Single cells tested under constant current condition showed that CuMn1.8O4 
coatings on Crofer 22 H meshes exhibited excellent Cr-gettering ability for 12 days at 
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800 °C. Significantly longer lifetime can be achieved at 750 ºC or lower because of 
slower Cr diffusion. 
  (CuNiMn)3O4 spinel coatings were found to be single phase at room temperature, 
and Ni-doping was found to decrease the diffusivity of Cr into the spinel coatings. 
 
  
80 
8. Contributions and Recommendations for Future Work 
8.1 Contributions 
 The original contributions to the literature based on this study include: 
1. Determination of the optimal glycine/nitrite molar ratio to synthesize (CuMn)3O4 
spinel powders.  
2. Determination of room temperature phase stability of Cu1.3Mn1.7O4 coatings. 
3. Determination of room temperature and high temperature phase stability of 
CuMn1.8O4 coatings.  
4. Determination of Cr-gettering ability of CuMn1.8O4 coatings in the temperature range 
of 750-850°C.  
5. Elimination of mechanical steps in coating densification, enabling the deposition of 
CuMn1.8O4 coatings on meshes with complex shapes, which performed significantly 
better than commercially available coatings.  
6. Demonstrated the advantages of Ni-doped (CuMn)3O4 spinel coatings which included 
improved phased stability and reduced Cr diffusivity. 
8.2 Future work on CuMn1.8O4 coatings 
 Future work on CuMn1.8O4 coatings should include determination of the effect of 
Cr content on the CTE values, more accurate measurements on the chromia solubility 
limit of CuMn1.8O4 by carrying out in-situ high temperature XRD of powder mixtures, 
measurement of Cr diffusivity in CuMn1.8O4 doped with different Cr contents, and effect 
of oxygen partial pressure on the interaction of Cr2O3 and CuMn1.8O4. 
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8.3 Future work on Ni-doped (CuMn)3O4 spinel coatings 
 Future work on Ni-doped (CuMn)3O4 coatings includes doping of Ni into 
Cu1.3Mn1.7O4 coatings, interaction between the doped spinel and Cr2O3, and long term 
performance of the doped coatings. 
8.4 Future work on Cu-Mn and Ni-doped Cu-Mn spinel powders as in-cell getters 
 The effectiveness of Cu-Mn and Ni-doped Cu-Mn spinel powders as in-cell 
gettering materials should be explored. 
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